In this study, the effects of process conditions such as air bubbling, top radiation heating and electrode heating in a melting furnace on the cleanliness of alkali-free glass, which is characterized by the residence time and trajectories of tracer particles, is investigated by a reduced physical model. The reduced physical model was made of an acrylic tank, which is similar in shape of the actual glass melting furnace but one tenth in size, with heating electrodes, top radiation heating and air bubbling devices. Silicon oil was used to simulate molten glass. The gas flow rate was set at 6:67 Â 10 À7 Nm 3 /s. The electrode and radiation temperatures were set at 298 K, 323 K, 353 K and 373 K. Residence time, which is the time required for tracer particles to flow from inlet to outlet, was measured to evaluate the cleanliness of the molten glass. The results showed that the effect of bubbling on residence time is larger than that of top radiation heating which is then larger than that of electrode heating when one single process variable is considered. For the effect of the coupling of two process variables, the dual effect of bubbling and radiation is better than that of bubbling and electrode which is in turn better than that of radiation and electrode. As all three devices were all turned on, it was found that the most desirable condition to obtain clean glass is bubbling with electrode temperature of 323 K and radiation temperature of 373 K.
Introduction
The production of glass is a very complicated process which involves a number of physical and chemical phenomena. The quality requirement of glass substrate for liquid crystal display (LCD) is very stringent. The cleanliness of alkali-free glass is one of the most critical qualities of the LCD glass. Gas bubbling, electrode heating and top radiation heating are three major process variables in a melting furnace to affect alkali-free glass cleanliness. Gas bubbling is used in glass-melting tanks to induce desirable glass-melt flow patterns, ensure glass uniformity, and improve fining. Electrode heating is an effective method for increasing productivity and enhancing glass-melting efficiency. By arranging the electrodes adequately, glass melt circulation is enhanced. Also, the load and temperature in the combustion space are reduced to obtain longer superstructure life. Fuel is burned with air or pure oxygen in the combustion zone to provide heat to the batch blanket for the fusion of the batch materials and to the glass melt surface to obtain a low-viscous melt. Heat from the combustion region can be transferred by radiation, convection of the hot combustion gases and conduction.
There are essentially three approaches to study the effects of design and operation condition of a glass melting furnace on the cleanliness of the produced glass. The first approach is to employ empirical method based on measurements and observations of an actual furnace. Due to high temperature operation, it is extremely difficult to observe the glass flow patterns and temperature fields inside the glass-melting furnace. The full-scale experiments in an actual furnace are then very costly and dangerous because of the severe environment. The obtained information for the molten glass is direct but incomplete. The second method is to conduct physical modeling where the geometry of the furnace is preserved and laboratory experiments are performed on a transparent reduced-scale system using simulated liquid. Murnane et al. 1) discussed the evolution of simulation techniques to model electric glass furnaces. Physical models based on the principle of similarity can provide an effective methodology where convective flows and tracer distributions can be easily studied. Hrma 2) discussed the conditions for dynamical similarity between an electric glass melting furnace and its physical model. Criteria based on thermodynamic factors were proposed and details of the calculation of parameters needed to design a physical model were given. Tolstov et al.
3) established a physical model for studying the conditions that ensure production of high-quality container glass in highly efficient glass-melting furnaces. The design has to ensure not only the similarity of the thermal and hydrodynamic processes in the functioning furnace but also convenience in observation and ability to measure the glass melt routes as well as velocity and temperature fields. Viskanta 4) mentioned that radiation heat transfer from hightemperature combustion products cannot be simulated in a 'cold' physical model. The third method is to employ numerical modeling where the physical and chemical phenomena occurring in a glass furnace are mathematically formulated and solved. Due to the fast development of computer technology, numerical modeling for the actual glass melting furnaces is becoming a valuable tool for improving the design and operation of the furnace. 5, 6) However, adequate validation of the results gained by mathematical models is an essential issue. Computational model must be validated by comparison with experimental measurements. 7) Although the use of physical modeling in the glass industry had evolved slowly over several decades, comparatively few studies had been conducted on physical modeling compared to computer modeling. Therefore, the purpose of this study is provided not only insight information on the effects of furnace design and operation condition on glass cleanliness but essential data for the validation of the numerical models. A reduced physical model was constructed based on the established similarity theory. 8) Top radiation heating system was installed to make the simulation of combustion zone in glass melting furnace possible. Mean residence time and minimum residence time were measured to investigate the effects of gas bubbling, electrode heating and top radiation heating on the fluid flow behaviors in the glass furnace.
Experimental Method

Experimental setup
A one tenth reduced physical model with air bubbling, electrode and top radiation heating system, as illustrated in Fig. 1 , was established to study the fluid flow behaviors in the glass furnaces. In order to observe the flow behaviors, the tank was made with transparent acryl, and the dimension is 0.8 m in length, 0.29 m in width and 0.15 m in height as shown in Fig. 2 . A row of six gas blowing tuyeres; 0.04 m in diameter, is installed at the bottom along the center line of the actual glass furnace. Since the physical model is one-tenth the scale of the actual furnace, the diameter of the tuyere in the physical model is 0.004 m. Compressed air at room temperature was used as the bottom blown gas. Four rows of electrodes with three electrodes on the first three rows and four electrodes on the fourth row were installed on the bottom and were connected to a heating control system. Each electrode with 0.0075 m in diameter and 0.045 m in height was attached to a thermocouple. It corresponds to the actual electrode of 0.075 m in diameter and 0.45 m in height. Five rows of radiation sticks, which are shown in Fig. 3 , were installed over the furnace and were connected to a radiation heat control system. Five thermocouples were installed on the radiation device, which could measure the surface or internal temperature of liquid in the model. Silicon oil with a viscosity of 20 PaÁs was selected to simulate the molten glass. Silicon oil was stored in a beaker and heated by a hotplate. The temperature of silicon oil was measured by a thermocouple inserted in the silicon oil and the viscosity was measured and recorded by a viscometer (LVDV-II+PRO) every ten degrees. Acrylic particles with a density similar to silicon oil were used as tracers. Tracers were inserted at the inlet at steady state, and the flow behaviors were recorded by a video camera. The inlet and outlet velocity were the same and controlled at 5 Â 10 À7 m 3 /s.
Measurement of residence times
The main purpose of this study is to improve the cleanliness of the molten glass through a physical model. The cleanliness of produced molten glass can be judged by a number of criteria. In this study, mean residence time and minimum residence time were measured to investigate the effects of gas bubbling at 6:67 Â 10 À7 Nm 3 /s, electrode heating and top radiation heating temperature. The electrode temperature was set at 298, 323, 353 and 373 K, respectively, which was measured by a thermocouple connected to the electrode. The radiation sticks for the top radiation heating was also set at 298, 323, 353 and 373 K, respectively, which was measured by a thermocouple connected to the radiation stick. In the physical model, one hundred tracer particles with a density similar to silicon oil were inserted at the inlet when the model reached steady state operation. There are many possible paths for tracer particles to flow from inlet to outlet. Traveling along a particular path takes a certain period of time and thus the tracer following each path has a certain residence time in the model. By calculating the average residence time of the tracers, a mean residence time can be obtained. Since some tracer particles would reside in the physical model for a long time, the mean residence time in this study is therefore, the average time required for 70% of the total tracer particles to flow from inlet to outlet. Minimum residence time is the time required for the first tracer particle to flow from inlet to outlet. In a glass melting furnace, complete fusion of the raw materials to form a molten glass needs a definite residence time in the melting zone. A properly degassed molten glass also requires a definite residence time within the refining zone and the molten glass should be mixed sufficiently within the time while molten glass resides in the furnace. The residence time of the molten glass within the furnace should be such that the residence time requirement for each individual process is satisfied. Therefore, the longer the residence time is, the higher quality of melting glass can be obtained.
Gas flow rate and temperature conversions
In order to correlate the gas flow rate between the physical model and the actual glass furnace, a modified Froude number (N 0 Fr ) 9) was used to convert gas flow rate. Applying the modified Froude criterion between the physical model and the actual glass furnace, the following relationship has to be obeyed. Then, 
where L pm (m) is the characteristic length of the physical model and L gf (m) is the characteristic length of the glass furnace.
From the consideration of Raleigh number (Ra) and Peclet number (Pe), the temperature of the silicon oil and that of the molten glass should follow the following relationship. Since the softening temperature of the acrylic glass is in the range of 393 to 403 K, the highest operation temperature of the silicon oil is then set at 373 K. At 373 K, the kinematic viscosity of the silicon oil is 6 Â 10 À3 m 2 /s. Then, the kinematic viscosity of the silicon oil at the lowest operation temperature can be determined by the following equation. 
À3 m 2 /s. With the viscosity-temperature relationship the kinematic viscosity of silicon oil at 323 K is found to satisfy the requirement. Thus, the operational temperature was set at 323, 353, and 373 K in this study.
Results and Discussion
The effect of individual process condition
For the effect of individual process condition, tracers were inserted at the inlet initially and allowed to flow with the liquid to record the flow pattern and residence time. For gas bubbling condition, gas flow rate was set at 6:67 Â 10 À7 Nm 3 /s and no electrodes or top radiation were turned on to measure the residence time of tracers. For top radiation heating condition, the temperature was set at 298, 323, 353, and 373 K while gas bubbling and electrode heating were turned off to observe the flow pattern and residence time of tracers. For electrode heating condition, the temperature was set at 298, 323, 353, and 373 K while gas bubbling and top radiation devices were shut off. The method of measuring residence time was described in Section 2.2. Consequently, the residence times for the process conditions when only one of the three process devices was employed can be obtained. Figure 4 shows the measured minimum residence times, and Fig. 5 shows the measured mean residence times for these nine different conditions. From Figs. 4 and 5, it can be observed that the effect of bubbling is much larger than top radiation heating or electrode heating and the effect of top radiation heating is higher than that of electrode heating.
For the effect of gas bubbling, a flow circulation was formed near the bubbling zone as shown in Fig. 6(a) . The tracers moved along the free surface from inlet initially. Then they begin to aggregate near the third row of electrodes and move towards the bottom as shown in Fig. 7(b) . As tracers approach the bubbler, they rise quickly to the surface due to fluid current induced by air bubbling as shown in Fig. 7(c) . At the surface some of the tracers moved backward to the third row of electrodes and others moved forward to the fourth row of electrodes as shown in Fig. 7(d) . The circulation caused some tracer particles to remain inside the bubbling zone for an extensive amount of time. The distribution of tracer particles at the bubbling zone is shown in Fig. 6(b) . Form this figure, it can be seen that most of the tracer particles remain at the bubbling zone and hard to escape from the flow circulation induced by gas bubbling. Therefore, the minimum and mean residence times are prolonged very significantly.
When only top radiation heating was turned on, the movements of the tracer particles showed similar trend under different temperatures. The same observation also applied when only electrode heating was turned on at different temperatures although the trend for top radiation heating was different from that for electrode heating. To illustrate the difference between top radiation heating and electrode heating, only the results of one particular temperature are shown and compared. Figure 8 shows the distribution of tracer particles under the top radiation temperature of 353 K and Fig. 9 shows the distribution of tracer particles under electrode heating temperature of 353 K. It can be seen that the particles distribution is very different between top radiation heating and electrode heating condition. For the top radiation heating condition, the tracer particles flow in the vicinity of surface. That is believed to be a result of increase in the liquid temperature and decrease in the liquid viscosity near the surface caused by the top radiation heating. For the electrode heating condition, the tracer particles flow in the interior zone, which is caused by the free convection induced by the electrode heating.
From the above discussion, it can be seen that the differences of flow patterns between top radiation and electrode heating are occurring mainly at the frontal part of the model. It is also noted that the residence time of the tracer particle is determined by its flow path as well as its speed, which is affected by the liquid viscosity. Then it is desirable to investigate the difference in liquid temperature under top radiation heating and electrode heating respectively. The viscosity of silicon oil was then measured under different liquid temperatures in this study and the results are shown in Fig. 10 . It can be seen that the viscosity of silicon oil decreases as temperature increases especially in the temperature range of 325-333 K. For top radiation heating condition, the temperatures of the liquid which are located in positions 1, 2, and 3 marked in Fig. 3 and 1 cm below the surface were then measured. For electrode heating condition, the temperatures of the liquid which are located in positions 1, 2, and 3 marked in Fig. 3 and 4 cm above the bottom were also measured. These results are shown in Tables 1 and 2.  From Table 1 and 2, it shows that the interior temperatures under electrode heating are higher than the surface temperatures under top radiation heating. The flow speed of silicon oil in the interior is then faster than that near the free surface. Therefore, the motion of tracer particles under electrode heating is faster than that under top radiation heating. Consequently, the residence time under top radiation heating is slightly longer than the electrode heating. From Fig. 10 , it can be observed that there is a rather fast transition zone at the temperature range of 325-333 K. After that the viscosity of silicon oil is becoming relatively constant. From Table 1 and 2, as the temperature was set at 353 K, the temperature of silicon oil under top radiation and electrode heating are close to the turning region in Fig. 10 . This can explain why the residence time increases with temperature below 353 K and then slightly decreases when the temperature was increased from 353 to 373 K as shown in Figs. 4 and 5.
The effect of the coupling of two process conditions
For the effect of the coupling of two process conditions, tracer particles were again inserted at the inlet initially to record the flow pattern and calculate the residence time. The coupling of two process conditions include gas bubbling at 6:67 Â 10 À7 Nm 3 /s with electrode temperature at 323, 353 and 373 K, respectively, gas bubbling at 6:67 Â 10 À7 Nm 3 /s and top radiation temperature at 323, 353 and 373 K, respectively, electrode temperature at 323 K and top radiation temperature at 373 K, and electrode temperature at 373 K and top radiation temperature at 323 K. Figure 11 and 12 are the minimum and mean residence times for these various combinations of the coupling of two process conditions as mentioned above. Comparing the results shown in Figs. 11 and 12 with those shown in Figs. 4 and 5, it can be found that residence times for the coupling of two process conditions are longer than those for the individual process condition. For the coupling of two processes, the residence times for the coupling of gas bubbling and electrode or top radiation heating is longer than those for the coupling of top radiation heating and electrode heating. This is due to the flow pattern of tracer particles which are mainly controlled by the bubbling effect as described in Section 3.1. The residence times for the coupling of gas bubbling and top radiation heating is slightly longer than those for the coupling of gas bubbling and top electrode heating. In addition, the residence time for top radiation heating at 373 K with electrode heating at 323 K is longer than that for top radiation heating at 323 K with electrode heating at 373 K. This is mainly due to the lower viscosity of the interior liquid than the surface liquid as described in Section 3.1.
Optimal condition as all three devices activated
Tracer particles remain inside the physical model for an extensive amount of time when all three furnace devices were all turned on. Thus, the residence times are much longer than those for the individual condition or the coupling of two process conditions as shown in Table 3 . It means that the process condition when all devices are activated can obtain better molten glass quality in the furnace. The minimum and mean residence times for bubbling with top radiation temperature of 373 K and electrode temperature of 323 K are 22,920 and 79,800 seconds respectively, and 22,500 and 78,240 seconds for bubbling with top radiation temperature of 323 K and electrode temperature of 373 K. It can be found that the most desirable condition among all the process conditions investigated in this study was gas bubbling with top radiation temperature of 373 K and electrode temperature of 323 K. Table 1 The temperature of silicon oil at point 1, 2, and 3 in Fig. 3 Table 2 The temperature of silicon oil at point 1, 2, and 3 in Fig. 3 Fig. 12 Measured mean residence time for the coupling of two process conditions, which include (1) gas bubbling at 6:67 Â 10 À7 Nm 3 /s with electrode temperature at 323, 353, and 373 K, respectively, ( ), (2) gas bubbling at 6:67 Â 10 À7 Nm 3 /s with top radiation temperature at 323, 353, and 373 K, respectively, ( ), (3) electrode temperature at 323 K and top radiation temperature at 373 K, ( ), and (4) electrode temperature at 373 K and top radiation temperature at 323 K, ( ).
Conclusions
A reduced physical model was constructed in this study with heating electrodes, air bubbling and top radiation heating devices. The effects of operating conditions; mainly air bubbling, top radiation and electrode heating temperature, on the glass cleanliness were investigated. The following conclusions are made.
(1) For the effect of individual process condition, air bubbling is more effective than top radiation as well as electrode heating and top radiation heating is slightly more effective than electrode heating. (2) For the effect of the coupling of two process conditions, the dual effect of bubbling and top radiation heating is better than that of bubbling and electrode which is in turn better than that of radiation and electrode. (3) As all three furnace devices are all turned on, the most desirable condition is bubbling with top radiation heating temperature of 373 K and electrode heating temperature of 323 K.
